Soil organic carbon (SOC) is a great component of the global carbon cycle and plays significant role in terms of climatic changes and agricultural land-use. An important management concern is the extent of SOC stocks sequestration when farmland is converted to forest stands. We have reviewed the literature about changes in SOC stock in relation to altitude and stand age and sought differences between former agricultural land and origin forest stands. Accumulation of SOC was monitored in 17 examples (41 samples) in 9 locations across the all Czech Republic with focus on the main tree species Norway spruce (Picea abies [L.] Karst.). Results showed a significant increase of SOC stock in an afforested farmland with increasing stand age. Another factor was the altitude. With increasing altitude, the carbon stock in our model gradually decreased. From the data analyzed comparing forest stand and former agricultural land, similar carbon sequestration was documented for both variants with higher SOC for forest stands. However, other conditions affecting SOC stock should be taken into consideration, especially silvicultural management, topography, disturbances, soil properties and cultivation. The general tendencies of SOC changes at the investigated sites are comparable to those in other studies across the Europe.
Introduction
Forestry is characterized by long-term production cycles (Cienciala et al. 2008 ) and multifunctionality of forest ecosystems. Forest provides people with a wide range of resources and ecosystem services (Kindler 2016) . These benefits are often subdivided into three groupsecological forest functions, socio-cultural benefits and forest products, especially wood products (Stenger et al. 2009 ). Ecological forest function comprise prevention of soil erosion, local climate regulation (de Groot et al. 2002; Vacek et al. 2003) , and -gaining in importance nowadays -carbon sequestration (Vanguelova et al. 2013; Grüneberg et al. 2014; Pukkala 2014; Ahmed et al. 2016) . Forest ecosystems' potential to accumulate SOC and, therefore, mitigate climate change attracts an increasing number of researchers in the environmental field (Cienciala et al. 2008) . Forest soils hold an important position in evaluation of forest ecosystems dynamics in anthropogenically influenced areas (Furst et al. 2007 ). Carbon sequestration is also a political issue with global significance, embodied in international agreements, such as the Climate Convention (UNFCCC -United Nations' *Corresponding author. Jan Cukor, e-mail: cukor@fld.czu.cz Convention on Climate Change) and the Kyoto Protocol (Cienciala et al. 2008; Lugato & Berti 2008; Grüneberg et al. 2014) . The role of forests in the global carbon cycle is thus carbon sequestration from the atmosphere through photosynthesis. During this process, carbon is released into the atmosphere again, or its part is bound to the tree biomass and soil organic matter (SOM) (Post & Kwon 2000) .
Overall, forests represent a very important carbon repository (Vacek et al. 2013; Holubík et al. 2014; Fujisaki et al. 2015) , with its greater part bound in the forest soil (Guo & Gifford 2002) . It is estimated that approximately 30 to 50% of total carbon content in forests is located in soils (Dixon et al. 1994; Paul et al. 2002; Pan et al. 2011; Wiesmeier et al. 2013; Grüneberg et al. 2014) . The amount of accumulated carbon and its distribution in the soil profile is influenced by individual tree species (Augusto et al. 2015; Andivia et al. 2016) . Carbon accumulation is also significantly affected by the type of economic land use (Blanco-Canqui et al. 2014; Wiesmeier et al. 2015; Fujisaki et al. 2015) ; in some cases, cultivation of forest soils can even reduce SOC (Murty et al. 2002 Fig. 1 . The methodology of holorganic humus collection is always described in the particular work, cited in our paper. Calculation of carbon in tonnes per hectare was based on total humus in accordance with the following equation which calculates the carbon content from the total humus in per cents. The resulting carbon accumulation was based on the sum for particular layers of the humus in L, F and H horizons (Šály 1978) .
h (t/ha)
-total upper-layer humus in tonnes per hectare h (%) -total humus in % 1.724 -coefficient of C content converted to total humus (Šály 1978) . Conversion to the total carbon accumulation and description of particular localities are presented in Table 1 (afforested agricultural land) and in Table 2 (permanent forest land).
Statistical evaluation
The location, stand type (broadleaved vs. coniferous), age, altitude (m AMSL), land use (former agricultural land/forest) and relevant soil carbon content data were available for statistical analyses. Tree species were separated into two groups (coniferous and broadleaved) for obtaining more records in each of this group. For modelling of soil carbon content (t ha −1 ), generalized linear mixed effect model (GLMM) was selected as the first approach. All computations were performed in R software (R Core Team 2016) . other benefits such as higher timber mass production or higher biodiversity (Podrázský et al. 2011; Woziwoda et al. 2014; Vacek et al. 2016; Cukor et al. 2017a; Vacek et al. 2017 ) -significantly increase the carbon content bound in the ecosystem (Kacálek et al. 2011 ), which in turn contributes to reducing carbon concentrations in the atmosphere (Novara et al. 2014; Woziwoda et al. 2014) .
The potential of abandoned agricultural land and the total of land suitable for afforestation is quite considerable, from a global perspective. Over the world, there are approximately 385 -472 million hectares of abandoned farmland suitable to be afforested with fast-growing tree species (Campbell et al. 2008) . Similarly in Europe, where agricultural land is assumed to be partially turned into forest land as well (Rounsevell et al. 2006; Stoate et al. 2009; Ruskule et al. 2016 ). An increase in forest land area and a decrease in farmland area has been observed in Europe since the early 19 th century (Wulf 2004; Prishchepov 2012) ; currently, an area of approximately 12 -16 million hectares (FAO 2008; Campbell et al. 2008 ) is considered to be afforested on this continent. The area of agricultural and non-forest land suitable for afforestation can be illustrated on the example of the Czech Republic. The exact size of land suitable for afforestation depends on the criteria of evaluation; in most cases, the estimates range from 50,000 to 500,000 hectares (Podrázský & Štěpáník 2002; Vopravil et al. 2015) .
Areas of the land suitable for afforestation are vast, therefore it is important to pay attention not only to production capabilities of various tree species growing on non-forest land, but also to other factors, including accumulation of carbon. In the present study carbon sequestration is studied in the soil organic matter in stands of most common tree species growing in the Czech Republic (Norway spruce /Picea abies [L.] Karst./, European beech /Fagus sylvatica L./, English oak/Quercus robur L./) and tree species with generally high wood production (European larch/Larix decidua Mill./, Douglas fir/Pseudotsuga menziesii Engelm./). The objective of our study is to investigate how carbon content in the surface humus changes within the altitudinal gradient, species composition (coniferous x deciduous) and the age of the stand on the permanent forest land in comparison to afforested farmland. The development of carbon content in upper humus layer in relation to above-mentioned variables is based on studies already published.
Methods
Determination of carbon content in the surface humus of various tree species was based on all previously published data available for the Czech Republic. In the past, studies dealing with raw humus accumulation on agricultural land and on permanent forest land were elaborated at the Department of Silviculture of the Faculty of Forestry The soil carbon content data were fitted with gamma distribution via R package MASS (Venables & Ripley 2002) , while goodness of fit were subsequently tested by Kolmogorov-Smirnov test.
The full model (GLMM) was constructed as follows (notation from R software): Carbon ~ Land Use + Altitude + Age + Stand type + (1|Location)
The carbon content data were identified as random selection from gamma distribution with parameters α = 1.83 and β = 0.14. The goodness of fit was tested by Kolmogorov-Smirnov test (p = 0.99).
The sampling location was identified as random effects, while all other effect were considered fixed. Computations of GLMM were performed via R package lme4 (Bates et al. 2015) .
At first, effect of land use was tested via likelihoodratio test (model with land use parameter vs. model without land use parameter). Secondly, the effect of location Note: Forest site type is classified by the Czech forest ecosystem classification (Viewegh et al. 2003) . Explanatory see Table 2 . Note: Forest site type: 6P -Piceeto-Abietum variohumidum acidophilum, 6O -Piceeto-Abietum variohumidum mesotrophicum, 4Q -Querceto-Abietum variohumidum oligotrophicum, 6K -Piceeto-Fagetum acidophilum, 8K -Piceetum acidophilum, 5K -Abieto-Fagetum acidophilum, 4O -Querceto-Abietum variohumidum mesotrophicum, 4P -Querceto-Abietum variohumidum acidophilum, 4H -Fagetum illimerosum trophicum, 3K -Querceto-Fagetum acidophilum, 5S -Abieto-Fagetum mesotrophicum (Viewegh et al. 2003) .
was evaluated. Thirdly, further models (simplified, with non-significant or unreliable factors due to data insufficiency omitted in comparison to full model) were constructed -separate models (generalized linear model -GLM) for these predictors were computed. The dependence of soil carbon content on the most significant factors was graphically represented. All hypotheses were tested at α = 0.05.
Unconstrained principal component analysis (PCA) in the Canoco 5 program (Microcomputer Power) was used to analyze relationships among SOC, stand age, altitude, climatic factors (mean temperature and precipitation), site humidity and nutrients (transformed from Czech forest ecosystem classification), ecological groups, tree species and land use (forest stand, afforested farmland) in order to reveal similarity of 41 records. Data were log-transformed, centered and standardized during the analysis. The results of the PCA analysis were visualized in the form of an ordination diagram. model. The accuracy was evaluated for all selected tree species and separately for Norway spruce. The relationships between SOC, site parameters, climate and tree species are presented in Fig. 5 by the PCA analysis. The first ordination axis explained 45.9% of variability in the data, the first two axes together 70.5% and the first four axes together explained 94.1%. The first x-axis represented the SOC stock and mean temperature with altitude and sum of precipitation. The second y-axis represented site parameters (humidity and content of nutrients). SOC was positively correlated with stand age and temperature, while these parameters were negatively correlated with altitude and precipitation. Site humidity and richness had low impact on content of carbon. Remarkable differences were observed among ecological groups (especially for Acidophilum series in terms of carbon), as marks of each record are relatively distant from one another whereas marks for forest stand and afforested agricultural land were fairly close together in the diagram. Tree species were significantly different from one another, but higher SOC stock were typical for coniferous (left part of diagram).
Discussion
The most significant factor that distinguishes agricultural land from permanent forest habitats is the null occurrence of upper-layer humus (Torreano 2004) . After afforestation of the agricultural soil, a considerable part of the accumulated carbon is concentrated in the upper layers, gradually formed by forest litter; its formation and accumulation is noticeable already in young stands (Kacálek et al. 2011 ). In the phase immediately following the afforestation of agricultural land, there is a slight decrease in soil organic carbon. In the years to come,
Results
Testing for significance of land use showed non-significant results (p = 0.97) and this parameter was therefore omitted. The random effect of location showed relatively low variance (8.1E-4) and due to relatively low number of records for some locations was not considered in further analyses.
The testing for significance of effect of tree type was evaluated by likelihood-ratio test (p = 0.0015), while coniferous forests showed significantly higher amount of soil organic carbon. In general, there was ca. 1.66 times higher carbon accumulation in coniferous stands compared to stands of broadleaved tree species. For further details about average carbon content depending on stand type see Fig. 2 . The likelihood-ratio tests showed significant results for both predictors (p = 0.02 for altitude and p = 0.001 for stand age). Representation of model -see Fig. 3 . The accuracy of the model is depicted by Fig. 4 -histogram of differences of recorded data from suggested its content is only increasing, and, subsequently, the growth of SOC on afforested agricultural land is gradually documented with increasing age of forest stand and thus with increasing accumulation of upper-layer humus (Laganière et al. 2009; Segura et al. 2016) .
This trend of an increasing content of accumulated carbon with increasing age has also been confirmed by our model, which describes rising carbon content in stands up to the approximate age of 120 years. As no statistically significant differences for forest and afforested agricultural land were found, the processed data showed comparable carbon sequestration for both land uses. However PCA analysis suggests, that there is a higher SOC content on the forest soils; this results can be caused by lower age of examined stands on farmland.
Another factor that significantly affected the content of carbon in the upper-layer humus was the altitude. In accordance with our model, the carbon content declined gradually with the rising altitude. Different results were found in Germany, where a higher carbon stock deposited in upper-layer humus at higher elevations and alpine sites where thick organic layers are common (Wiesmeier et al. 2013; Grüneberg et al. 2014) . Nevertheless, these results are from alpine areas, where generally higher hummus accumulation occurs because of extreme climatic and site conditions. This results were not included in this study, examined gradient was between 300 to 920 meters above sea level.
However, from the statistical analysis, there is evident, that coniferous tree species accumulate more upper-layer humus (Schulp et al. 2008; Wiesmeier et al. 2013; Grüneberg et al. 2014) and that is why they often have a substantial content of accumulated carbon (Menšík et al. 2009a; Kupka et al. 2013 ). On the other hand, this well documented difference between coniferous and deciduous tree species has in our study a lower importance compared to significant influence of site conditions (Augusto et al. 2003; Holubík et al. 2014) .
Other conditions that may affect the accumulated carbon content in the upper-layer humus are: different forest management, previous land use, stand characteristics, pre-planting disturbance, soil clay content, thinning, fertilization, liming, forest fires and, to some extent, the climatic zone (Lal 2005; Schulp et al. 2008; Laganière et al. 2009; Vacet et al. 2009 Vacet et al. , 2010 Matějka et al. 2010; Blanco-Canqui et al. 2014; Grüneberg et al. 2014; Segura et al. 2016) . These circumstances, however, were not taken into account in our generalized model, which is based on data already published, as we lack sufficient data for the Czech Republic. Nonetheless it was shown that afforestation of agricultural land brings, among other benefits at local scale, an increase in the carbon content in units to tens of tonnes per hectare, which can result in an important effect on the global C budget if sufficient agricultural land is converted (Paul et al. 2002) . That is why afforestation of agricultural land not only on sites suitable for forest trees but also in less favourable localities will gain on importance as a measure improving soil conditions. Here, planting can be supported by various types of fertilization and other measures aimed at better growth and the survival rate of seedlings Kuneš et al. 2009; Tužinský et al. 2015; Cukor et al. 2017b ).
Conclusions
The paper confirms the hypothesis about the influence of altitude and stand age on the SOC stock in the studied localities in the Czech Republic. However, relatively limited and variable number of samples on the compared variants must be considered when interpreting the present results. Stand age has significant positive effect on SOC content, while carbon stock decreased with increasing altitude. Difference between forest stands and afforested farmland, such as conifers and broadleaves was lower in the studied case (minor importance of tree species) compared to site. Considering the current knowledge about this important topic and still the lack of studies about carbon sequestration in soil following afforestation of former agricultural land, it is necessary to continue in 
